A respiratory monitoring system has been developed for analyzing the carbon dioxide (CO 2 ) and oxygen (O 2 ) concentrations in the expired air using gas sensors. The data can be used to estimate some medical conditions, including diffusion capability of the lung membrane, oxygen uptake, and carbon dioxide output. For this purpose, a 3-way valve derived from a servomotor was developed, which operates synchronously with human respiratory signals. In particular, the breath analysis system includes an integrated sensor module for valve control, data acquisition through the O 2 and CO 2 sensors, and respiratory rate monitoring, as well as software dedicated to analysis of respiratory gasses. In addition, an approximation technique for experimental data based on Haar-wavelet-based decomposition is explored to remove noise as well as to reduce the file size of data for long-term monitoring.
I. INTRODUCTION
Quantitative investigation of lung function is a clinically significant step in monitoring the status of respiratory patients and is useful as well for basic physical evaluation of other patients. Nevertheless, previous researchers in the medical or bio-engineering fields typically showed interest in the lung only in regards to medical cures of diseases, such as asthma or pneumonia. Recently, environmental air quality has been rapidly degraded by pollution from automobile and industrial exhaust. This has contributed to an increase in the number of lung-related patients and in the number of researchers who have an interest in respiratory disorders and diseases.
In general, assessments of human respiratory function include measurements of respiratory rate or changes in volume of the lung. This examination helps doctors to diagnose breathing disorders characterized by a lack of respiratory volume. Traditionally, the monitoring of human respiration is conducted by sensors or transducers attached to the human body. For instance, it is possible to measure the variation in chest volume during breathing by measuring the electrical impedance of the body. This method is called plethysmography. 1 In addition, a spirometer is commonly used to measure the change in volume of the lung. 1 The change of respiratory volume can be also estimated by the volume-flow rate, which is obtained by correlating the pressure difference across the orifice and the volume-flow rate.
1 Transthoracic impedance plethysmography 2 is a typical method to monitor respiratory rate graphically. Recently, advanced sensors make it possible to detect human respiration with high precision and without physical contact. These technologies include microwave, 3 ultrasonic wave, 4, 5 pressure sensitive pads, 6 pressure, 7 and piezoceramic. 8 Advancement of ubiquitous technology also enables long-term data a) Author to whom correspondence should be addressed. Electronic mail:
swkang@krri.re.kr acquisition and storage outside of the home or laboratory to be done by wireless link to a PC or a spectrum of mobile devices. 9, 10 The measurement of partial gas pressure in respiratory air and in the blood is of ultimate importance, especially in the emergency department. 11 In addition, the concentration of human exhaled gas components is used for calorimetric assessment of resting metabolic rate (RMR). 12 A capnometer using capnography technology makes use of the phenomenon wherein CO 2 absorption by infrared takes place at wavelength 4.25 μm. 13 Even though this is a noninvasive method like ABGA (arterial blood gas analysis), it has been used to monitor respiratory status by inserting a tube into an airway of a patient. With the rapid progress of wireless communications, the effort to develop a mobile capnometer is now in progress. For measurement of O 2 concentration in the arterial blood, there is a non-invasive and real-time monitoring technology called pulse oxymetry, in which the amounts of light source absorbed by oxy-hemoglobin is calibrated. 14 The simultaneous detection of CO 2 and O 2 partial pressures in a breath cycle can be achieved by integrating a miniaturized multi-function sensor module into a measurement system. 15 In particular, the inspired and end-tidal concentrations can be used for diagnosis of pathological pulmonary symptoms such as ARDS (acute respiratory distress syndrome) and CDPD (chronic obstructive pulmonary disease) by predicting O 2 and CO 2 partial pressures of alveolar gas through the CBGA (computational blood gas analysis) method. 16 So far, the use of electrochemical (or solidelectrolyte) sensors in respiratory monitoring has received little attention. However, the use of electrochemical sensors has advantages in cost and in size, compared to other methods, such as capnometer or oxymetry. Such an electrochemical, gas-sensor-based respiratory monitoring system is developed in this study. Further, the fundamental concept for a 3-way control valve to discriminate exhalation from inhalation in the same airway in each respiratory cycle is presented FIG. 1. Schematic of respiratory gas analysis system: The valve is connected to provide ambient air to the body through the mouthpiece during inspiration. The valve is also connected to extract the flow intentionally exhaled from the body during expiration.
herein. In addition, the respiratory rate is naturally obtained from the signal used to operate the valve. The measured data (i.e., respiratory rate as well as partial pressure of CO 2 and O 2 ) is monitored and stored on a PC in real time for clinical analysis. Finally, size compression of the experimental data based on wavelet-based decomposition with filters is also investigated.
II. EXPERIMENTAL MATERIALS AND METHODS

A. System configuration for measurement and assessment
An apparatus for analysis of respiratory gasses during free, voluntary tidal-breathing is illustrated in Fig. 1 . To investigate human respiration, O 2 and CO 2 concentrations of gas mixtures present in breath are primarily measured using electrochemical-based gas sensors. In the exhaled and inhaled breath streams during one breathing cycle, the total amount of O 2 and CO 2 gases is calculated by the integration of concentration with respect to time. Also, a filtered fresh air intake is monitored to investigate the effect of the condition of the air supplied, on the gas exchange within the lung or oxygen saturation in the human body. In addition, the respiratory rate is monitored using a thermistor-based sensor module. At the same time, this module controls a 3-way valve by detecting fluctuations in the temperature difference of the inside of a mouthpiece tube and the ambient temperature. The 3-way valve, derived from an RC-servomotor, is used to control the breathing flow. For pumping filtered fresh air and suction of exhaled respiratory gas, the Mini Oil-less Rocking Piston Pump 12RND of double head type (G & M Tech Inc.) was used in this study.
B. Gas sensors
Commercial, solid, electrolyte-based CO 2 (Sungjin Corp. -PLS41) and O 2 (Senko Corp. -SS1118) gas sensors were used for monitoring gas concentrations in breath. In general, solid electrolyte-based sensors have a lot of advantages (e.g., simple detection principle, compact size, and low price) compared with other sensor technologies (e.g., infrared). The solid electrolyte between two electrodes becomes a gas-ion selective conductor when the target gas is detected at the threshold level, which results in the generation of an electric current. The output voltage varies with the gas concentration (e.g., partial pressure of CO 2 and O 2 ) at the electrolyte. The specific information about each kind of sensor is listed in Table I .
The performance of the electrolyte greatly depends on the operating conditions (e.g., temperature or humidity). For this reason, an additional signal-processing-circuit module is required to accommodate changes in operating conditions and thus enhance the sensor precision. This module is generally provided by the sensor manufacturer. The relation between gas concentrations and output voltage is illustrated in Fig. 2 .
C. Three-way valve synchronized with human respiration
The 3-way valve consists of one common port, one in port and one out port. The in and out ports are set separately at an angle of 30
• with respect to the center-line passing along the common port. The valve is made of polyethylene and is 100 mm (L) × 100 mm (W) × 50 mm (H). The valve is operated by rotating the center cylinder with an RC-servomotor.
A thermistor can detect fine and rapid fluctuations in temperature in the breath-stream. Besides this, the thermistor has the advantages of very small size (less than 0.5 mm diameter), good sensitivity, and excellent long-term stability. Glasscoated, bead-type thermistors (Han Tech.) were used in this study. Since this thermistor is a semiconductor device with a high negative temperature coefficient (NTC), its resistance (or voltage) decreased as the temperature increased. The position of the servo-head attached to the center cylinder of the 3-way valve is determined by detecting the breathing signal between the inhaled and exhaled streams. To recognize the human breathing pattern and to make a pulse wave for control of the servomotor, the pulse-conversioncircuit module shown in Fig. 3 was developed. This circuit module enables calculation of the respiratory rate and visualization of human breathing patterns in real time.
The digital pulse circuit amplifies the respiratory signal and removes the noise; then converts the respiratory signal into 2-value digital signals of 0 V (low) and 12 V (high). This is technically realized by analog signal processing. 17 Temperature changes in the exhaled and inhaled breath streams are detected by two thermistors attached to the mouthpiece tube as shown in Fig. 3(a) . The instrumentation amplifier (IA - Fig. 3(a) ) was used to amplify small differences in respiratory signals in a noisy environment. IA is frequently used to obtain differences in potentials from different sites due to its high CMRR (Common Mode Rejection Ratio) and high input impedance:
Equation (1) represents output voltage according to the temperature difference between the two thermistors attached to the mouthpiece tube. 19 Then, a differentiator circuit was used to remove the low-dc offset voltage and bias current. Differentiation results in the accentuation of sudden changes in the input signal. 18 Constants or slowly changing signals are suppressed by a differentiator. Hence the differentiator works effectively as a high-pass filter. The output voltage of the differentiator is determined by Eq. (2). The IA and differentiator were designed using an op-amp LM741 (National Semiconductor, USA).
Finally, the waveform shown in Fig. 4 (d) was converted to a square wave (Fig. 4(e) ) using a comparator LM311 (National Semiconductor, USA). To deal with the case of no respiratory signal, the module was designed to generate one more reference signal (Fig. 4(e) ). This means that the servohead is rotated only when both respiratory and reference signals are in a high state (12 V) or a low state (0 V). In other words, the motor keeps its servo-head still when the two signals are different from each other. Figure 4 illustrates the whole signal processing sequence as a block diagram and Fig. 3(b) shows the real circuit used in this study. 
D. Valve operation by microcontroller
A digital RC-servomotor, DGS1188 (SKY HOLIC Corp.), was used for operational control of the 3-way valve. This motor was operated by the method of PWM (Pulse Width Modulation). In this study, the PWM signal is made by the timer/counter method and AVREdit (Terabank Corp.) programs the code for the generation of the PWM signal. In order to effectively control the servo, a specific PWM signal is needed. The servo-head position is controlled by the pulse width of a specific length traveling at a fixed frequency. According to the specifications in Fig. 5 , to obtain a neutral position, a pulse of 1.5 ms is required on the servo control line. As long as a certain pulse width exists on the control line, the servo will attempt to keep that position even if there is a resistance trying to move the servo head. Since the in and out ports of the valve are set separately at an angle of 30
• with respect to the center line, a pulse of 1.5 ± 0.27 ms is required to rotate the valve.
E. Software for respiratory signal analysis
The software shown in Fig. 6 demonstrates the variation of CO 2 and O 2 concentrations, and the respiratory rate, in real time. The programming was done using Visual C++ 6.0 (Microsoft Corp.) and the data were plotted and stored per 0.1 s. The digital data depicted through the software were sampled by a microcontroller ATmega128 (Atmel Corp.). The ATmega128 is a low-power 8-bit microcontroller. It serves FIG. 5 . Principle of the servomotor control using PWM: A pulse width greater than 1.5 ms will turn the servo head clockwise to a specific position, while a pulse width less than 1.5 ms will turn the servo head counterclockwise to a specific position. 128 kbytes of In-System Programmable Flash with ReadWhile-Write capabilities and 10-bit ADC on eight channels. 20 To sample the digital data from the analog sensor data, four ADC ports are used. Also, a standard RS232 link is used for long-term data acquisition and storage to a PC. One 9-pin serial connection and a data transmission speed of 9600 bps were adopted for this RS232 link.
III. WAVELET-BASED DATA COMPRESSION
The approximation method of the function/signal using wavelet decomposition is based on the concept of multiresolution analysis (MRA). MRA is a method used to construct a hierarchy of approximations to functions in various sub-spaces of a linear vector space. This approach was developed by Meyer 21 and Mallat. 22 In this study, an approximation of experimental data based on Haar wavelet decomposition with filters is explored. This technique contributes to reduction of noise and to compact size of the experimental data files.
A. Haar scaling function
The basic concept of approximation is to apply a piecewise constant called the Haar 23 scaling function (or the father wavelet). In this way, discrete experimental data can be described by taking linear combinations of the scaling function and translating it in the interval [k, k + 1) for all k as follows:
As intervals of piecewise constant functions get smaller and smaller, the resolution becomes better and better. The scaling function at different resolutions is defined as
The index j refers to resolution or dilation and i denotes translation. Also, the constant 2 j/2 was chosen for normalization of the scaling function.
B. Haar wavelet function
The wavelet function (or the mother wavelet) ψ(t) can be derived from the father wavelet.
Also, the dilated and shifted version of the wavelet function is defined as 
FIG. 7. (Left) Haar scaling function ϕ(t) and (right) wavelet function ψ(t).
Since ϕ(t), ψ(t) = 0, the scaling and wavelet functions are orthogonal. The scaling and wavelet functions are illustrated in Fig. 7 .
C. Hierarchical property of the Haar decomposition
The Haar decomposition is an orthogonal projection to a lower-resolution orthogonal projection. The vector space V j and W j are defined as
A function in V j+1 can be decomposed into a function in V j . In going from V j+1 to V j , some information is lost in the orthogonal complement of V j . W j contains the lost detail, and the relation between V j and W j is indicated by
and
Consequently, Eq. (10) is rewritten as
Equation (11) means that reconstruction, the inverse process of decomposition, is the process determined by the inner product between the lower resolution function and its lost detail. Figure 8 shows the schematic diagram of the hierarchical tree of Haar decomposition.
D. Haar decomposition of the discrete experimental data
To apply to the finite signal, the length (dimension) of the signal is defined as 2 J for a positive integer J. The scaling and wavelet functions with a lower resolution in the process of Haar decomposition are derived from Eq. (5) and (7), respectively. 
A projection of f(t) onto space V J of sufficient resolution provides an adequate representation of the data.
Equation (14) is divided into even and odd terms as follows:
Substituting Eq. (13) into Eq. (15) yields
Consequently, the discrete function is represented as a weighted sum in the space spanned by the bases ϕ and ψ.
where
The coefficients or weights W ϕ , W ψ are the approximation coefficient and detail coefficient, respectively.
E. Data compression using Haar reconstruction
Provided that the discrete signal from the decomposed data has adequate resolution, approximated data values are obtained from an inverse decomposition (reconstruction). Equation (19) is rewritten to form the following matrix at j0 = 0:
. . .
The original discrete signal (Eq. (21)) can be expressed as a linear combination of basis functions like Eq. (18) .
Data compression using wavelet decomposition is based on the modification of detail coefficients W ψ of the decomposed signal. The data are compressed by reconstruction using the modification of coefficients. The modification means that the detail coefficients, which are below a certain threshold, are set to zero. For instance, 90% compression means that after ordering the detail coefficients by size, the smallest 90% was set equal to zero (retaining the largest 10%) in this study.
IV. RESULTS AND DISCUSSION
The following results were measured by experiment; conducted by a person. The whole measurement system is illustrated in Fig. 9 .
A. Respiratory rate
Respiratory rate refers to breathing frequency, which is calculated from the breathing interval as number of breaths per minute. A visualized graph of the human breathing pattern was drawn using the software as shown in Fig. 10 . In the graph, maximum amplitude represents exhalation and minimum amplitude represents inhalation.
B. Carbon dioxide and oxygen concentration
The measurements of CO 2 and O 2 concentrations in the expired air during 10 respiratory cycles (inspiration and expiration are one cycle) are shown in Fig. 11 . The gas concentrations are measured when the breath stream passes through 0-280 mV. Thus, each output is amplified and the real concentration is calculated using a relationship between the concentration and an output voltage (Fig. 2) . Finally, in the measurement of one breathing cycle, the CO 2 concentration increased 2 and O 2 concentrations in the expired air highly depend on the medical status of the subjects. However, it has been generally known that PETCO 2 30-45 mmHg (4%-6%) and PETO 2 122-137 mmHg (16%-18%) are the regular levels in breath exhaled from a normal, conscious, spontaneously breathing person, respectively. 25 The measurement data shown in Fig. 11 are obtainable in clinic, 11 but it represents the values in a primary respiratory phase, 26 which was resulted from the long sampling time of each gas sensor (Table I) as well as forced ventilation for respiration assistance.
C. Data compression
The graphs illustrated in Fig. 12 represent 90% compression of the decomposed signals from the measure of the CO 2 and O 2 concentrations. Despite high compression ratios, approximated functions similar to the original function were obtained (Fig. 12) .
The relative L 2 error of the compressed data a k to the original data a k is computed by
For reference, the compression percentage does not refer to the compression ratio of the actual file size. The real compression ratios of the file size are listed in Table II .
V. SUMMARY AND CONCLUSIONS
In this study, a human respiratory monitoring system was developed using the thermistor-based respiratory rate detection module and electrochemical gas sensors for O 2 and CO 2 monitoring. The system includes a 3-way valve that operates in synchrony with human respiration, a circuit module for control of the valve and gas sensors, and software for data acquisition, compression and analysis. The circuit module used for control of the valve, is also used to monitor the respiratory rate by conversion from a respiratory signal to electrical pulse waves. The Haar wavelet decomposition method was used for data compression.
This study can contribute to developing quantitative measurement and analysis of human respiration. The pulse conversion technique used in this study can be applied to other fields where there is a requirement for bio-signal processing. The measurement system foretells the possibility of developing a simple, cheap, and portable respiratory monitoring system. In addition, it is expected that recent advances in Micro-Electro-Mechanical-System (MEMS) sensor technology enable this system more reliable and beneficial.
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